The organogermane GeH 2 Cp* 2 (1) was synthesized by the reaction of GeCl 2 Cp* 2 (A) with LiAlH 4 in quantitative yield, whereas the synthesis of the previously reported compounds SiCl 2 Cp* 2 (B), SnCl 2 Cp* 2 (C), SiClHCp* 2 (D) and SiH 2 Cp* 2 (E) followed established routes. The molecular structures of the Cp*M(IV) derivatives 1, B, D and E are reported. In addition, compound 1 was characterized by spectroscopic methods such as (1), respectively. The formation of crystalline Ge upon heating these compounds in sealed quartz glass capillaries was observed at 270°C (A) and 500°C (1).
Introduction
The synthesis, characterization and functionalization of germanium-containing materials, which are, for example, suitable for energy transformation and storage, are currently investigated intensely (Wu et al., 2016) . Molecular precursors are of interest as a result of their volatility and solubility, and examples such as GeH 2 Ph 2 , GeH 2 t Bu 2 , GeI 2 and GeH 3 Cp* were successfully employed to produce germanium nanowires (Lu et al., 2013; Mullane et al., 2013) , nanoparticles (Zaitseva et al., 2007; Muthuswamy et al., 2013) and thin films (Dittmar et al., 2001; Dittmar, 2002) , all of which hold great potential as anode materials for lithium ion batteries (Liang et al., 2013; Jin et al., 2014; Xiao and Cao, 2014; Xu et al., 2014; Sun et al., 2015) . The germanes GeH 2 Cp 2 * (1) and GeCl 2 Cp 2 * (A) might serve as superior precursors as compared to the above mentioned examples, due to an expected combination of high volatility, low sensitivity towards air and moisture, long-term stability and low decomposition temperature. Synthesis protocols for GeCl 2 Cp 2 * (A) exist Hielscher, 1985, 1986; Filippou et al., 2002) , but GeH 2 Cp 2 * (1) was not reported so far. It is noteworthy that the syntheses for the lighter and the heavier homologues of A, SiCl 2 Cp 2 * (B) (Jutzi et al., , 1988a (Jutzi et al., ,b, 1989 Evans et al., 1990) and SnCl 2 Cp 2 * (C) (Jutzi and Kohl, 1979; Naseri et al., 2010; Erickson et al., 2014) , as well as for SiH 2 Cp 2 * (D) (Jutzi et al., 1988a,b; Dahlhaus et al., 1993) and SiHClCp 2 * (D) (Jutzi et al., 1988a (Jutzi et al., ,1988b are well documented, but only for the dichlorosilane B was the molecular structure in the solid state reported (Jutzi et al., 1988a,b) . Herein, the synthesis and characterization of the germane GeH 2 Cp 2 * (1) is described, its thermal stability is compared with GeCl 2 Cp 2 * (A) and its molecular structure is discussed with comparison to other derivatives within the family of compounds of the type MX 2 Cp 2 * (M=Si, Ge, Sn; X=H, Cl).
Results and discussion
The organogermane 1 was synthesized by a hydrogenation reaction starting from GeCl 2 Cp* 2 (A) with LiAlH 4 in quantitative yield. It is worthy to note that various attempts to synthesize the heavier homologue SnH 2 Cp* 2 by hydrogenation of the stannane SnCl 2 Cp* 2 (C) with LiAlH 4 or diisobutylaluminum hydride (DIBAL-H) at either 20°C or −40°C failed, and an immediate reduction to elemental β-tin was always observed as indicated by powder X-ray diffraction (PXRD) analysis. The compounds of the type MX 2 Cp* 2 (A, M=Ge, X=Cl; B, M=Si, X=Cl; C, M=Sn, X=Cl; D, M=Si, X=H/Cl; E, M=Si, X=H) were prepared according to literature methods (Jutzi and Kohl, 1979; Jutzi et al., , 1988a .
The 1 H NMR spectrum of 1 shows a singlet resonance corresponding to the GeH 2 protons at 3.91 ppm, which is shifted significantly downfield compared to the SiH 2 protons of SiH 2 Cp* 2 (E) (3.49 ppm) (Jutzi et al., 1988a,b) , and the GeH 2 protons of other germanes, such as GeH 2 Me 2 (3.72 ppm) (Erickson et al., 2014) or GeH 2 t Bu 2 (3.67 ppm) (Kraft et al., 2011) . The attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectrum of 1 shows a strong band at 2008 cm −1 that is assigned to the Ge-H stretching vibration. Despite C 2ν symmetry of 1, only the ν sym (GeH 2 ) vibration band is observed, which is in accordance with reports on other Cp substituted metal hydrides of C 2ν symmetry such as MoH 2 Cp 2 and WH 2 Cp 2 (Girling et al., 1986; Belkova et al., 2012) . This band is shifted to lower wavenumbers compared to its lighter homologue SiH 2 Cp* 2 (E) (2111 cm ). Similar to silane E, germane 1 is stable under inert conditions but decomposes slowly when it is exposed to air and moisture.
Single crystals of compounds 1 and C-E were grown by slow cooling of concentrated diethyl ether solutions containing the appropriate species to −30°C. The molecular structures of the germane 1, stannane C, and silanes D and E are shown in Figures 1-4 , and selected bond lengths (Å) and angles (°) are given in Table 1 . The crystallographic parameters are summarized in Table 2 .
In all molecular structures of the type MX 2 Cp* 2 the metal atom (Si, Ge or Sn) is σ-bonded to the Cp* ring, and the latter exhibits a diene-like structure indicated by C-C single bonds (1.47-1.51 Å) and C=C double bonds (1.33-1.34 Å). The main features of all molecules are coplanar orientated Cp* rings, which are slightly parallel displaced and not congruent. This was also observed in the case of compounds such as SCp* 2 (Bard et al., 1985) , BClCp* 2 (Macdonald et al., 2008) , PClCp* 2 (Pietschnig et al., 1997) and (GaClCp* 2 ) 2 (Beachley et al., 1985) . For germane 1 the Cp* planes exhibit a dihedral angle (Table 1) of 5.43°, a value which is significantly lower than that of the corresponding silane E showing a value of 7.66°, but it is placed in the range as found for compounds A-D (5.15-5.83°). By contrast, the stannane C exhibits an angle of −6.90°, thus indicating attractive dispersion type interactions between the Cp* ligands. Compound 1 shows a typical parallel displacement of the Cp* groups (Table 1) of 19.10°, which is significantly larger than that in germane B with a value of 15.08°. A view along the c axis shows that the C1-M-C1′ plane (M=Si, Ge, Sn) (Table 1) is not orthogonal to the Cp* ring plane and is tilted by 5.56° for germane 1 and thus falls in the typical range from 3.89° to 6.83° (Table 1) . As expected, the distance between the two Cp* ring centroids of 3.70 Å for 1 and 3.76 Å for B is greater, when compared to those of the silanes (3.52 Å), and less than for the tin homologues (3.92 Å). Due to the steric demand of the two Cp* rings, the tetrahedral angles around the germanium atom in compound 1 are significantly distorted C(1)*-Ge(1)-C(1) 121.4 (3)°, and the Ge-C bond is slightly elongated to 1.987 (4) Å as compared to GeH 2 Mes 2 (1.965 Å) (Samanamu et al., 2011) . The change of the metal atoms (Si, Ge and Sn) in the compounds A-C shows increasing M-C bond distances from 1.885 (3) (B), 1.977 (5) (A) to 2.172 (19) (C), leading to a decrease of intermolecular interaction between the two Cp* rings, and is reflected by the reduced Cp* dihedral angle and more parallel displacement.
The thermal behavior of the germane 1 and A was investigated by means of thermogravimetric analysis measurements and by temperature-dependent PXRD, with respect to our current interest in germaniumcontaining hybrid materials and thin films (Fritzsche and Mehring, 2016; Kitschke et al., 2016a,b) . Heating to 550°C yielded a residue of 8.5% for 1 and 3.4% of A only, demonstrating significant volatility. The decomposition products from the thermogravimetric experiments were analyzed by energy dispersive X-ray/scanning electron Temperature-dependent PXRD studies of GeH 2 Cp* 2 (1) measured in a sealed quartz glass capillary showed that reflections disappear at 85°C due to melting and crystalline germanium starts to form at around 550°C ( Figure 5 ). The formation of germanium from GeCl 2 Cp* 2 (B) occurs at significantly lower temperatures than for germane 1 (Figure 6 ). The temperature-dependent PXRD analysis of A shows a phase transition at 140°C and the formation of crystalline germanium at 270°C. In the case of germane 1 the formation of amorphous germanium is assumed followed by crystallization between 500 and 600°C. It is noteworthy that the crystallization temperature of germanium depends significantly on the annealing conditions and preparation methods (Chik and Lim, 1976; Morimoto et al., 1984) . The crystallization of amorphous germanium even below 400°C is reported if metals acting as nucleation seeds like Al [180°C or 325°C ], Sn [450°C (Mullane et al., 2013) ], Cu or Ag [380°C (Lu et al., 2013) ] are present. The reason for the low crystallization temperature of B might be the presence of carbon. It has been reported that a phase segregation process from metastable germanium carbon alloys results in the formation of germanium nanocrystals even at low temperatures (Morimoto et al., 1984; John et al., 1997) . H} NMR, ATR-FTIR spectroscopy and electron ionization (EI)-mass spectrometry (MS) are consistent with the formation of 1. The molecular structure of 1 exhibits σ-bonded Cp* rings that are orientated parallel towards each other, slightly parallel displaced and not congruent. Similar structures are observed for compounds of the type MX 2 Cp* 2 (C, M=Sn, X=Cl; D, M=Si, X=H/Cl; E, M=Si, X=H). All compounds, despite SnCl 2 Cp* 2 (C), show Cp* rings, that are tilted against each other. Thermal analysis is consistent with the formation of crystalline germanium upon decomposition. Thus, the volatile germane 1 might be used for deposition of germanium thin films at rather low temperature.
Experimental section General procedure
All reactions were carried out under argon atmosphere using standard Schlenk techniques or in a glovebox under argon atmosphere. Diethyl ether, tetrahydrofuran, toluene and n-hexane were purified by distillation from sodium. CH 3 CN was dried prior to use by distillation from CaH 2 . All other chemicals were purchased from commercial suppliers. (Fendrick et al., 1992) , A , B (Jutzi et al., 1988a,b) , C , D (Jutzi et al., 1988a,b) and E (Jutzi et al., 1988a,b) were synthesized according to literature methods. The lithium salt of Cp* was synthesized according to modified literature procedures with n-butyllithium in tetrahydrofuran (Jutzi et al., 1988a,b) . ATR-FTIR spectra were measured with a BioRad FT-IR 165 spectrometer (Bio-Rad Laboratories, Philadelphia, PA, USA) with Golden Gate ATR (LOT-Oriel GmbH and Co. KG, Darmstadt, Germany). NMR spectra were recorded using a Bruker Avance III 500 (Bruker Corporation, Billerica, MA, USA) (500. 1 H NMR δ 7.26 ppm). Microanalysis was performed by using a Thermo Fischer FlashAE 1112 (Thermo Fisher Scientific Inc., Waltham, MA, USA). The melting points (sealed off in argon flushed capillaries) were determined using a Büchi Melting Point B-540 (Büchi Labortechnik GmbH, Essen, Germany). EI-MS was performed with a Shimadzu GC-17A Gas Chromatograph and GC-MS-QP5000 Gas Chromatograph Mass Spectrometer (Shimadzu Corp, Kyōto, Japan). The PXRD patterns were collected using a STOE-STAD IP diffractometer from STOE (STOE and Cie GmbH, Darmstadt, Germany) with Cu-K α radiation (40 kV, 40 mA) and a Ge (111) monochromator. All decomposition experiments were carried out in a nitrogen filled glovebox (M. Braun Inertgas-Systeme GmbH, Garchingen, Germany) in silver cups on a ceramic heater up to 550°C.
Crystallographic studies
All data were collected on an Oxford Gemini S diffractometer (Agilent Technologies Sales and Services GmbH and Co. KG, Life Sciences and Chemical Analysis, Waldbronn, Germany) using graphitemonochromatized Cu-K α radiation (λ = 1.54184 Å). The structures of 1, C, D and E were solved by direct methods using SHELXS-2013 and refined by full-matrix least-squares procedures on F 2 using SHELXL-2013 (Sheldrick 2013) . All non-hydrogen atoms were refined anisotropically. All C-bonded hydrogen atoms were geometrically placed and refined isotropically in riding modes using appropriate SHELXL-2013 HFIX constraints. The positions of Si-and Ge-bonded hydrogen atoms were taken from difference Fourier maps and refined isotropically. Data have been deposited at the Cambridge Crystallographic Data Centre under the CCDC deposition numbers 1526800 (1), 1526803 (C), 1526801 (D) and 1526802 (E).
Due to a phase transition below approximately 160 K the single crystal of D had been measured at 180 K. Due to higher measurement temperature, U ij values especially of the carbon atoms of the Cp* ligands are comparatively large. Trials to refine each of the two independent disordered Cp* rings on two positions failed. Nevertheless, valid results for compound D were obtained. Crystallographic data for A and B were extracted from the cif-files [No. 180860 (A) and No. 1166703 (B)] deposited at the CCDC.
Synthesis of GeH 2 Cp * 2 (1)
Lithium aluminum hydride (0.10 g, 24 mmol) was added in a single portion to a solution of GeCl 2 Cp* 2 (A) (1.00 g, 2.4 mmol) in tetrahydrofuran (30 mL) at −80°C. The grey suspension was stirred for 1.5 h at 20°C, and then the solvent was removed under reduced pressure and n-hexane (30 mL) was added. The suspension was then filtered through celite, and evaporation of n-hexane in vacuum gave a colorless solid. Single crystals suitable for X-ray analysis were grown from a CH 3 CN solution at −30°C.
Yield 
